Measurements of Tracers
We started continuous measurements of O 3 and CO at Rishiri in 1998 as a part of a long-term monitoring program. The measurements at Rishiri have been characterized by previous studies (e.g., Tanimoto et al., 2000 Tanimoto et al., , 2002 . One of notable characteristics at Rishiri is that Siberian wildfires often influence chemical composition and surface air quality, as observed in summer of 1998 (Tanimoto et al., 2000 , Yurganov et al., 2004 and 2002 (Yurganov et al., 2005) , and spring of (Jaffe et al., 2004 .
In addition to routine monitoring of O 3 and CO, a variety of chemical components including reactive species and long-lived tracers along with radiatively important parameters were measured as part of an intensive field campaign in September, 2003. The observations include BC, nonmethane hydrocarbons (NMHCs), organo-halogens, and aerosol particle number densities, as described in detail in Kanaya et al. (2007). 7 mode. The Magee aethalometer instrument was compared to another optical instrument (Kimoto, model OBC) prior to the campaign, and a good correlation between two instruments was found. The Kimoto OBC instrument determines BC concentrations based on reflectance of light. We have often used the Kimoto instrument as our "reference" BC measurement, since it was compared with other thermal and thermal/optical methods to determine concentrations of carbonaceous aerosols, and the degree of agreement with thermal/optical methods provided by DRI carbon analyzer (DRI, model 2001) has been characterized in a separate study (Hasegawa et al., personal communication, 2007) . Number densities of aerosol particles were measured as a function of size using a combination of a scanning mobility particle sizer (TSI, model 3936) and an optical particle counter (Rion, KC18) with size bins of >0.1, >0.15, >0.2, >0.3, and >0.5 μm (Kanaya et al., 2007) . The chemical composition of the aerosol was analyzed by filter sampling followed by ion chromatography. The sampling was made at 24-hour intervals using a low-volume sampler (Okuda at el., 2006) . Daily whole-air sampling was made using Silco-steel 3-L canisters (Restek). The air samples were then analyzed following the campaign using GC-FID and GC-MS systems coupled with a pre-concentration system (Kato et al., 2004) . More than 36 volatile organic compounds were determined, including acetylene and C 8 were driven by wind, temperature, pressure, surface heat flux and surface wind stress data from the NCEP/NCAR reanalysis, at T42 horizontal resolution (roughly 2.8 degrees in latitude and longitude), and with 42 vertical levels (from the surface to about 2 hPa). The setup used here is the same as described in detail in Lawrence et al. (2003) , with the exception that the CO tracers are additionally broken down into their fossil fuel and biomass burning components. The model includes: tropospheric chemistry with representations of basic methane chemistry, plus ethane, propane, ethene, propene, n-butane and isoprene oxidation; surface sources from fossil fuel burning, biomass and biofuel burning, soils, and oceans; sources from lightning aircraft, and stratosphere-troposphere exchange; online reaction rates and photolysis rates which are updated each time step; and sinks due to wet and dry deposition. Briefly, surface emissions of CO, which we will call "standard" emissions and discuss later, are based on a combination of the EDGAR (Emission Database for Global Atmospheric Research) inventory version 3.2 (for the year 1995) (Olivier and Berdowski, 2001; Olivier et al., 2002) for industrial emissions, and Galanter et al (2000) and Andreae and Merlet (2001) for biomass burning, as detailed in Lawrence et al. (2003) and von Kuhlmann et al. (2003) . Biomass burning emissions include waste burning and fuel use as well as fire emissions. We also tested biomass burning emissions from the Global Fire Emissions Database version 2 (GFEDv2) (van der Werf et al., 2006) to examine the sensitivity of the results to the emissions inventory, in particular CO emissions from biomass burning in Siberia by using the GFEDv2 time-varying monthly emissions inventory constructed from satellite-detected hot spots. Since GFEDv2 data does not include waste burning and fuel use, these classes were added to the GFEDv2 inventory, and hence this set is called as "hybrid-GFEDv2" emissions. It is well known that Siberia experienced substantial wildfires in 2003. Yurganov et al. (2005) reported widespread enhancement of CO in the summer of 2003 in the northern hemisphere, due to wildfires in Siberia. According to the GFEDv2 inventory, the fire activities in 2003 intensively started in May in eastern Siberia (around Lake Baikal), reaching at the maximum in May -July period, and moved eastward to far eastern Siberia (Yakutia and Magadan/Kolyma) in July -August. In September, the fire intensity decreased, but fires were still significant. and September 11 -13 showed high CO levels, whose peaks exceeded 300 ppbv. The enhancement of CO around September 17 was also apparent. The CO levels in latter half of September were relatively stable.
Considering fire activities in the summer of 2003, the modulation in the baseline and elevated events of CO at Rishiri in August are likely caused by large-scale impacts of Siberian wildfires. The intensive campaign we describe here covered three weeks until the end of September, and the intensity of Siberian fires started to drop down from August toward fall.
However, the burnings were still significant. Hence, measurements at Rishiri during the campaign likely had influences from Siberian wildfires, in addition to anthropogenic influences from East Asia, a common pollution source in this Pacific rim region regardless of the year. It should be noted that the magnitude of elevated CO during September 11 -13 was larger than that observed during August 12 -15. Time series of O 3 during the summer period had large variability resulting from combination of day-to-day and diurnal variations, and they essentially provide little clue about modification of the CO baseline and high CO-episodes.
We focus on the September intensive campaign, when measurements of multiple tracers were performed. Although there are some data lacking for particle number density around September 14, (Novakov et al., 2000) . Potassium also showed enhancements on September 17 and 24, peaking at 0.35 and 0.11 μg/m 3 , respectively. In contrast to these events, during September 11 -13 the magnitude of the peak in potassium was larger than that in nss-sulfate, suggesting an additional influence (e.g., biomass burning) on potassium.
Tetrachloroethylene (C 2 Cl 4 ) and acetylene (C 2 H 2 ) can be used as good tracers for industrial activities. Large enhancements were seen on September 17 and 24, particularly for C 2 H 2 , which peaked at 434 pptv on September 17. While data on these species were not available on September 11, enhancements on September 13 were not observed for either C 2 Cl 4 or C 2 H 2 .
The co-elevation of BC and nss-sulfate observed during these events can be attributed to the pollution from Asian continental sources (likely coal combustion), as often observed in the marine boundary layer sites of the western north Pacific (Kaneyasu and Murayama, 2000; Kaneyasu and Takada, 2004; Matsumoto et al., 2003b) . The resulting speculations from correlative behaviors of O 3 to CO and of BC to CO do not provide for unambiguous conclusions. The problems associated with interpretation in field measurements made downwind of the continental sources but not close to the sources themselves could often stem from significant uncertainties of available information. Aerosol is easily modified during the transport and is deposited with poorly quantified rate, depending on meteorology. Emission ratios of trace gases emitted by biomass burning dramatically depend on burning conditions, regions, and biomass types. The injection heights of burning emissions affected by fire intensity and local meteorology provide an additional uncertainty.
These uncertainties could result in controversial interpretation for various tracers.
Analysis with MATCH-MPIC Simulations
To further explore the possible sources affecting elevated CO (and other tracers) and discuss their impacts quantitatively, we utilized simulations of a global chemistry-transport model. There are also two additional enhancements on September 14 and 25 in the model results, which are not observed (later in Figure 6 it can be seen that the first is due to biomass burning and the second to fossil fuel burning emissions of CO). Other sources in the northern hemisphere (e.g., Europe and North America) only have about 10 ppbv contributions, and are almost constant throughout the period. South Asia has a negligible contribution (i.e., 2 ppbv), as do the sources in the southern hemisphere. Relative contributions by source types indicate that major primary sources dominate the observed CO levels, and account for more than 70% on average during the period. Secondary production from oxidation of methane and NMHC, as well as from other remaining small sources such as the ocean only contributes 30%. North
Asia is the dominant source, contributing about 50%, with the second largest contributing source being Europe (sum of Western and Eastern Europe, ~8%). North America is the third largest source (~7%). It should be noted that the North Asian source influences the September 11 -13 episode to shape the small modeled peaks. However, the influence is too small to explain the observed CO mixing ratios. Given the relatively small general contributions of the other sources, it is unlikely that these can explain the discrepancy between the model and the observations for the September 11 -13 event, thus clearly pointing toward a missing source in the North Asian region emissions inventory. (Edwards et al., 1999) . However, events of CO bursts can be clearly seen by AIRS (Yurganov et al., 2008 ). Hence we use AIRS observations (version 5) of CO total column to qualitatively illustrate daily maps of CO distributions and to track CO pollution plumes on a daily basis.
Neither of MOPITT and AIRS are sensitive to the boundary layer CO, while the maximum sensitivity by AIRS is slightly higher than MOPITT. The greater advantage of AIRS is its increased horizontal spatial coverage (70% of the globe each day, versus MOPITT, which takes about 3 days for the global coverage). This greater spatial coverage allows us to track CO plumes transported from the emission sources to distances of several thousands km on each day. It should be noted that the CO data at Rishiri Island are surface measurements at a single observatory, and the AIRS CO data are total column that is summed up from the surface to the upper atmosphere, with the maximum sensitivity to the middle troposphere. The ascending overpass of AIRS usually occurs during local daytime and the descending does during nighttime. We used swath data obtained during daytime (07:30 -19:30 local time) to make a daily plot. None of the simulations predicted this long-range transport of CO from western Siberia, whereas they exhibited some CO enhancements over burning locations of western Siberia.
Since AIRS has almost no sensitivity to the boundary layer CO, the plumes detected by AIRS represent enhancements in the middle troposphere, which may or may not be associated with 19 the boundary layer enhancements. However, Wild et al (2004) reported that long-range transport of air across the Eurasian continent could differ significantly from that over the Pacific and Atlantic, and it mainly occurs in the boundary layer because of weaker and less frequent frontal systems over the Eurasian continent. The argument with respect to transport height of fire plumes is an important future issue to resolve. Large CO plumes were first transported to the northeast, passed over northern Japan, and then further moved over the western Pacific. This feature was simulated well by the model simulations.
The case for September 24 is much more obvious. AIRS detected much smaller CO enhancement over far eastern Siberia, reflecting weakened fire activities at the end of September. Weakened burnings during this period allows us to track detailed features of pollution transport from China to northern Japan. Trajectories of CO plumes suggest that the air mass associated with high CO levels over eastern central China gradually moved toward the northeast, passed over northern Japan, and then further transported to the western Pacific in a time scale of days (see C 3 ). The model simulations with both inventories successfully reproduced this regional-scale transport of CO. The CO enhancements in the "hybrid-GFEDv2" simulation were lower than in the "standard" emissions simulation due to absence of co-located biomass burning emissions in East Asia. Also interesting is that high-CO bands are visible over western Siberia in spite of very small burning activities during this period. The plume was transported eastward in a long distance over days (A   467   468 Since both simulations well reproduced this plume, this is likely trans-Eurasian transport of CO emitted from Europe, not from wildfires.
To summarize, the model with "hybrid-GFEDv2" emissions predicted CO enhancement over burning regions in western and far eastern Siberia throughout the three events. This feature is qualitatively good agreement with AIRS observations. However, the CO enhancements in "hybrid-GFEDv2"-based simulations were much smaller and less widespread than those observed by AIRS and modeled with "standard" emissions". This could be because CO emissions per area were underestimated in the GFEDv2 inventory. Another reason could be that the GFEDv2 inventory failed to implement small fires, since not all fires are clearly visible from space, although satellite-derived hot spots generally correspond to actual fires.
Since the burning area in western Siberia is known to contain large amounts of peat and buried carbon, main burning in western Siberia could be peat burning. The emission estimates for western Siberia could be smaller than actual due to undercounting hot spots by satellite measurements, especially in case of smoldering. Peat burning is mainly smoldering. The underestimate in CO emissions may thus be associated with estimates of peat burning. The total emission of CO (and other trace gases and aerosols) from peat burning seems extremely difficult to assess, due to large uncertainties such as the amount of organic matter, depth of contributions from fossil fuel and biomass burning sources were separated. Two emissions inventories were compared for biomass burning sources for CO. The "standard"
climatological biomass burning emissions implemented in the MATCH-MPIC model produced substantially higher CO at Rishiri Island than "hybrid-GFEDv2" emissions, which is based on a satellite-derived emissions inventory, and hence is expected to be more accurate and realistic for 2003 than the climatological inventory. On the contrary, industrial emissions from China in the MATCH-MPIC "standard" inventory were found to be 45% lower than recent estimates by Streets et al. (2006) . The overestimates in biomass burning sources compensated for the underestimates in fossil fuel sources in the "standard" inventory. Coupled with biomass burning emissions from GFEDv2, doubled contributions from fossil fuel emissions in the "standard" inventory provided reasonable agreement for general baseline levels and variability, including the magnitude for the events on September 17 and 24.
However, this still underestimated the amplitude for the September 11 -13 episode, further suggesting the presence of a missing or underestimated CO source in this region. However, AIRS-derived CO enhancements are larger and more widespread than modeled with Observed mixing ratios are also plotted as asterisks (gray) with 3-hour time intervals.
The three events are marked by arrows (September 11 -13, 17, and 24). Time axis is local time (UTC + 9 hrs). Also shown are scatter plots of observed versus modeled mixing ratios for O 3 and CO. The three events are given separate symbols. 
